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Summary 
In 1973, the former Q-jump system has been repla­
ced by 8 fast and 6 slowly pulsed quadrupoles forming 
4 doublets and 2 triplets respectively. They allow 
presently a change of γt by 2.3 (instead of 0.23), 
limited only by the power supply within 0.8 ms (< 0.4 
ms with a new supply under construction). Transition 
is crossed 50 times (instead of 5 times) faster than 
without jump. More than 5 1012 p/p have been accele­
rated operationally and brought through transition 
within a bunch area of 10 mrad. In the future, it 
should be possible to handle 1 0 1 3 p/p within the same 
bunch area. The scaling laws for achievable longitudi­
nal density Ψ (apart from logarithmic terms Ψ Ν   
| γt|½ for bunch matching and Ψ Ν 1 / 5 |t|2/5 | γt|-1/10 
for negative mass instability) are in good agreement 
with experiments. 
1. Introduction 
High longitudinal phase space density is of parti­
cular importance in the CPS as it serves as injector for 
the ISR and, in the future for the SPS. The most severe 
limitation occurs at transition where a blow-up due to 
negative mass instability must be avoided. As shown in 
chapter "The negative mass instability", the only effi­
cient method to achieve this at high intensity is to 
cross transition much faster than it would be crossed 
without special precautions. The method used to mani­
pulate the transition energy is the subject of chapters 
2 to 5. Chapter 6 deals with bunch matching, chapter 7 
with the negative mass instability leading to a simple 
criterion for avoiding blow-up trouble. Chapter 8 sum­
marizes the practical experience with the new scheme. 
2. The Lens Configuration 
A convenient way to influence γt without affecting 
the betatron tune is to form doublets : two lenses of 
opposite polarity are placed half a betatron wavelength 
apart. The phase advance per cell of the CPS being π/4 
and the structure being F0FD0D, the doublet lenses can 
all be placed in mid-F straight sections. A doublet 
leaves the amplitude function βH unperturbed outside 
but not the dispersion function xp. Two consecutive 
doublets of opposite polarity form a triplet whose cen­
ter lens is twice as strong as the outer lenses. 
The lens configuration consists of two superperiods, 
each containing: 1 triplet, 2 cells, 1 doublet, 1 cell, 
1 doublet, 6 cells. In the following three chapters, 
expressionsfor β, xp and γt are derived for a machine 
assuming: 
i) all unperturbed β and xp values at the 
lenses are equal to βF and xpF respectively; 
ii) the phase advances are precisely as required. 
3. The Excursion of the Amplitude Function 
The knowledge of β is not really needed for obtain­
ing γt but we want an expression for and we shall 
prove that the Q-value remains constant. As a measure 
for the lens strength we introduce the dimensionless 
parameter: 
q = βF/f (f: focusing 
length) 
With Ψ = ∫ ds the phase advance of the unperturbed 
β 
machine counted from the first quadrupole, we have in 
short lens approximation with initial conditions 
Δβ = 0 and d 
( β )= 0 dΨ 
β 
just before the l e n s : 
Δβ = - β Δ q sin 2ψ for small q. 
For large q, we have: 
= - sin 2 (3.1) 
q 
where and are the new values such that 
ds = d = β dΨ 




sin 2 (3.2) 
d q2 dq 
The system (3.1, 3.2) has a solution which can be writ­
t e n : 
q = ctg Ψ - ctg from which 
(3.3) 
= π for Ψ = π q.e.d. 




= cosh χ + sinh χ sin(2 - arctg q ) 2 
q 
= sinh ( X ) 2 2 
It follows: 
( ) m a x 
= e±X = 1 + q
2 




4. The Excursion of the Dispersion Function 
A simple way of treating xp is to consider 
Δxp = xp - xp0 as a betatron oscillation excited by 
kicks at the lenses, the magnitude of the kick being 
proportional to xp. A convenient measure for Δxp is 




ξ must obey the differential equation 
d2 ξ + ξ = -qk(1 + ξk) δ(Ψk) d ψ2 
With complex notation z = ξ + i dξ and the initial condi-dΨ 
tions z(ψ1) = z1 at ψ1 = 0, one finds after a lens of 
strength q1 at ψ1 = 0 
z = (z1 - iq1(1+ξ1)) exp(-iψ); 0 < ψ < π (4.1) 
and after the second doublet lens of strength -q1 at 
Ψ = π: 
z = (z1 - 2iq1) e x p ( - i ψ ) ; π < ψ (4.2) 
The term -q1ξ1 sinψ which occurs inside the doublet 
deserves particular attention. As we shall see in chap­
ter 5, this term causes the γt change. With φk = ψk+1  
- ψk, the tracing law is 
zk+1 = (zk - 2iqk) exp(-iφk)(4.3) 
For n doublets within a superperiod, the periodicity 
condition leads to 





φ ) (4.4) Σ Σ 2 k=1 =1 
where Φ = 
period. 
n 
φk is the phase advance over the super-Σ 
k=1 
In the CPS, there are two sets of lenses powered 
differently. Let q1 = -q2 = Τ ; -q3 = q4 = D. The choice 
φ3 = Φ eliminates the term containing D2 in the charac­
teristic polynominal p2 (see 5.2) and simultaneously 
maximizes the term containing DT if φ2 is put 3π/2 
(mod 2π) and φ4 = 5π/2 (mod 2π). Modifications arise 
from shifting doublets by π and reversing the polarity. 
The scheme 
(Τ) π (-Τ) 3π (-D) Φ (D) 5π 
2 2 




= (- ctg Φ + i) T+D; z2 = z-T = ctg Φ T-D 





=(-1 + i ctg Φ )T-iD; z4 = Z D = (1 + i ctg Φ 
)T (2 2 2 2 2 2 
from which results 
4 
qk ξk = 4T (2D - Ctg( Φ ) T) Σ k=1 2 
In the CPS, |- ctg Φ/2|could be kept small by going 
to the antisymmetric disposition which makes 
Φ = 
6.25 - 1 2π 
2 
and 
- ctg φ = tg 
π 
= √2 - 1 
2 8 
(a corresponding scheme for the AGS is feasible with 
Φ = 8.75/2·2π or -ctg φ/2 = -(√2 - 1) with lenses placed 
in FD or DF straights for which the desired phase dis­
tances can be approximated rather closely i.e.: π 3½ cells; 3π/2 5 cells; 7π/4 = 6 cells). 
5. The new Transition Energy 
As γt is defined by 1/γt2= C/C where C is the addi­
tional circumference of a particle with unit momentum 
displacement Δp/p = 1 we have to sum over the contribu­
tions of all elements C = Σδ Ck. The kth doublet con­
tributes to this sum 
δCk = ∫ 
xp 




 [ξk cos ψ 
∫ R √βF 
0 
+ (( 





)k - qk(1+ξk)) (5.1) R √βF dψ 
When summing over the whole circumference the only 
remaining terms involve the combinations qk ξk leading 
to 
( 
γt0 )2 = 1 - cp p2 
(5.2) 
γt 
cp = 8 xpF γt0
2 
=0.4 for the CPS 
π R 2 √ β F 
P2 = Τ (2D + (√2 - 1) T) 
With this Ρ2,γt can be changed to either side as with 
a first order perturbation by keeping one set (triplets 
T) fixed and pulsing the other set (doublets D). Apply­
ing reasonable criteria, this scheme is superior to 
those studied previously1,2). 
An additional application has arisen which helps 
to ease debunching the beam prior to the continuous 
transfer into the SPS 3 ) . The combination |z | I η-1 
(Δp/p)-2 should be small (Z: coupling impedance; 
I : beam current). As long as |z| is rather high as at 
present, it is helpful to increase η via a decrease of 
Yt. The phase advance over the superperiod Φ can be 
made 6.25 π by reversing the polarity of one triplet 
and of one doublet within each of the two superperiods 
so that P2 becomes 
P2 = - Τ (2D + (√2+1) Τ) 
The quadratic term is so efficient now that with the 
(water-cooled) triplet lenses alone, a gain of 2.5 in 
η is obtained with Τ = 1; γt = 4.32; = 60 m; = 
23 m. The peak excursion of xp is high, but as for this 
application Δp/p is small, the synchrotron width of the 
beam is not excessive. Also betatron width and synchro­
tron width add in quadrature to the total beam width; 
this is rigorous for the rms values of symmetric and 
uncorrelated distributions, and 4σ are a good measure 
for the total beam width. 
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The scheme is fairly flexible and allows for other 
modes of operation if the criteria (e.g. permissible 
, ) are altered. 
6. Bunch Matching 
Since we shall describe the features of the nega­
tive mass instability also in terms of the matching 
theory, it is justified to recall briefly the most 
important facts of the matching theory4. They are 
i) RF forces are linearized, so trajectories are 
elliptic; 
ii) Space-charge forces are also linearized by assum­
ing a parabolic shape for the linear density which 
results from phase space density of semi-circle shape 
across trajectories; 
iii) Time is measured in units of the non-adiabatic 
time τ for ordinary transition crossing 
τ = ( 
γcr
4
 |tg Φs| )  
4 π νRF s2 
and the new time given by χ = t/τ; d/dx = '; γcr is 
the γ at which transition crossing occurs (i.e. γt 
equals γs the value of the particles), Φs the synchro­
nous phase angle and νRF the RF frequency. 
iv) Manipulations on γt are described by a function 





and η s' = -







Note that f(x) x for γt = const. 
v) A longitudinal space-charge parameter n0 is intro­
duced by 
n0 = 
3π2 rp N g0 
( 
νRF )½ 2 R A 3 / 2 s 
n0 = 0.772334 η0 ( 0 ) ; η0 (0) of ref. 4. 
rp = classical proton radius; 2πR = machine circumfe­
rence; Ν = number of particles; A = bunch area in units 
of (βγ)-RF-angle (cut-off value); g0 1 + 2 n b/a 
(see 7.i). 
vi) A variable θ is introduced denoting the half length 
of a normalized bunch of area π. θ is related to the 
physical bunch half length by 
= 





θ obeys a second order differential equation. Far away 
from transition, the equilibrium values of θ are below 
(-) and above (+) transition given by 
|f±| = θ±4 ± n0 θ ± (6.1) 
A large and fast jump is aimed at such that θ_is re­
established θ+ = θ- = θ. For this case, summation and 
subtraction of (6.1) yields 
θ = ( 
Σf )¼ and n0 =( f ) (6.2) 2 2θ 
with If = f+ + |f-| and Δf = f+ - |f-|. For f- = 0, 
the minimum jump size5 is Σf = f+ = 2(n 0) 4 / 3. 
The system installed now in the CPS allows at least 
twice this jump. 
The advantages of such a "superjump" are: 
i) The mismatch is little sensitive against space-
charge parameter variations. This is important at the 
CPS since each of the four Booster rings has some indi­
viduality. Roughly one has: 
( 
Δθ ) (Σf)-3/4 n0 θ 
ii) For systematic intensity modulations from cycle 
to cycle, as planned, it is sufficient to change only 
the timing. This is much simpler than to change current 
amplitudes too. 
iii) The negative mass unstable region is crossed near 
the peak of ||, a very important aspect which leads 
us to the next chapter. 
7. The Negative Mass Instability 
The linear region of negative mass (n.m.) insta­
bility6 is characterized by the fact that (small) modu­
lations of the linear density grow exponentially with a 
growth rate which is a function of both the mode number 
and, in our case, of time, since we change η rapidly 
with the aim of reaching the threshold before the modu­
lations have grown too much. In order to treat the phe­
nomenon conveniently, we shall make a few assumptions 
and simplifications none of which are unrealistic or 
too rough. 
i) The dependence of the geometrical factor g on the 
mode number is given for a beam of radius a, within a 











w w I0( wb ) a 
with w = 
a kc 
= 
π a h kb 
γ c rR γcrR 
k , k b : mode number per circumference or 
per bunch length respectively. 
I0, I1, Κ0, K1: modified Bessel functions. 
The space-charge parameter n0 contains: 









1 + ( 
w )2 1.6 a/b + 0.52 
g = 
g0 




) 2 b a 
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using the simplified kernel7 for the space-charge po­
tential, together with a numerical fit. 
ii) From inspecting the Vlasov equation, it can be 
concluded that for kb >> 1, the coasting beam model is 
a good approximation as proposed earlier by Pease8. 
iii) For the unperturbed density, the same distribution 
is assumed as in chapter 6. 
iv) The initial modulation is assumed to be given 
entirely by statistical fluctuations due to the finite 
number of particles within the bunch Nb = N/h. The 
small amplitude approximation being based on Fourier 
decomposition, we can calculate the expectation value 
of the modes when referred to the average linear den­
sity = Ν/2 and find them independent of the mode 
number and the distribution function to be (see the 
Appendix) 
|ck(0)| = 2 
√Nb 
A detailed study of the initial value problem shows 
that the behaviour after transition crossing as func­
tion of the growth rate G(x,k) is 
|ck(x)| |ck(0)| cosh ∫ G(x,k) dx 
so that after a short time 
|ck(x)| 
exp ∫G(x,k) dx 
(7.2) √Nb 
With these assumptions, the growth rate and the 
threshold can be found via the Vlasov equation and the 
dispersion relation. The threshold can be expressed con­
veniently by the parameters of chapter 6 except that 
n = 
g 





g0 ηth nθ 
This relation is valid along the whole bunch and 
allows to define a threshold value fth = nθ which is 
always smaller than f+ the value to be reached for 
matching. The growth rate varies along the bunch as 
the square root of the linear density and involves addi­
tional parameters. At the bunch center, the growth rate 
is 
G(x,kc) = 
kcn √ A |tg Φs| 1 ( f ) (7.4) nθ h π γ'S √2 nθ - 1 f 
For θ = const. and f = f'x, the integral throughout the 
unstable region which measures the accumulated e-folding 
times of the n.m. instability is 
Εacc (kc) = ∫G(x,kc) dx 
= 
kc n2θ (1 -
π ) √ A |tg Φs| (7.5) h f' 4 
π γs' 
Εacc has a maximum acc for kc = kc½/√3, yielding 
kc n 2 = 
3 √3 
kc½ n02 16 
acc must remain smaller than some critical value Ε c r i t 
in order to avoid a blow-up which happens when 
(Σ|ck|2)½ 
of equation (7.2) approaches unity. 
The implied summation 
Σ exp(2Eacc(k)) = N b 
k 
can be carried out by second order expansion of Eacc(k) 
around E c r i t 
Ε a c c(k b) Εcrit (1 - ( 
3 kb 
)2) 4 kb½ 
kb½ has to be taken in order to achieve the proper mode 
spacing within a bunch. The sum may then be approximated 
by the error integral yielding the transcendental equa­
tion for E c r i t 
kb½ √ 8π exp(2E c r i t) erf [3√ Ecrit ] = N b 3 Ecrit 8 
1 
An approximate solution is 
Εcrit = ½ [ln Nb - ln ( 
kb½ √8π 
)] 10 3√½ ln N b 
(½ ln Nb is Εcrit for only one mode; the second term 
arises from the presence of many modes). 
The criterion for no blow-up due to n.m. instabi­
lity is then 
keff n02 θ (1 -π ) √ A|tg φs| < Ecrit h f' 4
π γs' 
(7.6) 
with keff  




0.52 ); keff(CPS) 2 104 3 b a 
This should be considered as a condition for f' 
indicating how much faster transition energy is to be 
crossed by the jump. If f' prooves to be insufficient, 
the magnitude of the blow-up might be estimated by apply­
ing Dory's law9 together with (7.4). 
The inequality (7.6) allows also to study other 
methods, for example, playing with Φs. Since they only 
provide factors of the order unity, at least in the good 
direction, we conclude that a fast jump is indispensible*. 
If we put θ = ( Σf )¼ and note that n02 contains A-3, 2 
we see that the longitudinal phase-space density scales 
as N/A N 1 / 5 (f') 2 / 5 (Σf) - 1 / 1 0. The scaling law for 
bunch matching taken from (6.2) goes as N/A N 1 / 3 
( f ) 2 / 3 (Σf)-1/6 and simplifies to N/A N (Σf)½ if 
Σf/ f remains constant. 
* A promising method at a first glance seems to be 
passive compensation10, i.e. reducing n0 via g0. 
As we need really to reduce n(k) via g(k), a criti­
cal frequency characteristic of the wall impedance 
over a wide range is required to achieve this with­
out over-compensation11. Since that is also sensi­
tive to the density distribution, an awkward problem 
would have to be mastered. 
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8. Experimental observations 
All quadrupoles are compact in length (< 0.25 m), 
the doublet quadrupoles (except one) are also compact 
in cross-section. The present power supplies allow for 
|D| 0.45 and Τ 0.82 corresponding to 7.9 and 5.6, the jump is performed within 0.8 ms corres­
ponding to f' 50. ( s = 50 s-1; γs' 0.09). 
The scheme came into operation smoothly. Some ini­
tial beam loss due to closed orbit perturbation could 
be cured by centering carefully the mean radial position 
of the beam. The pulse form of the triplet current is 
rather uncritical, the peak should approximately con­
cide with the jump. The doublet current should not rise 
too quickly after the jump (see Fig. 1). The triple 
switch on the RF phase gives perfect bunch matching but 
a single switch is sufficient (see Fig.2). The bunch 
size of the booster seems to decrease with increasing 
intensity. Above 6 1012 p/p in the CPS, a negative-mass 
instability blow-up was sometimes observed at A 8 
mrad(in quantitative agreement with (7.6)). In order to 
improve the situation, more powerful supplies are under 
design for a larger jump and more than doubled speed 
aiming at |D| ≥ 0.55, Τ ≥ 1.0, f' 200-400. 1013 p/p 
could then be handled within a bunch area of 10 mrad or 
less. The betatron tunes QH and QV change only by Q = 
a few 10-3 in agreement with computations by a lattice 
programme which also show that the real CPS yields the 
analytical results of chapters 3-5 very closely, in 
particular for γt. 
Appendix 
Let Nb = number of particles per bunch, 2 = bunch 
length, F(Φ) = bunch distribution function normalized 
by 
F(Φ) dΦ = 2 
∫ 
-
Subdivide the bunch into M bins indexed by m (or n). 
Each bin contains F(Φ) ΔΝ particles where N = Nb/M is 
the average number of particles per bin. Random fluctua­
tions lead to particle numbers per bin different by δN 
from that determined by the distribution function. The 
expectation value of that difference is assumed to be 
given by 
E { δN (m) δN (n)} = F δm n N N N 
The implied step function f(Φ) = (δΝ/ΔΝ)(m) for (m-1)/M 






Φ) ck = 1 f(Φ) Σ ∫ 2 2 k=-∞ 
-







2 2 m=1 N 
m-1 2 M 


















F dΦ = N b Σ 
∫ 
M 2 N 2 N b m=1 
The modulus of the Fourier coefficient ck is composed 
of ck and c-k so that |ck| = 2/√Nb q.e.d. 
Acknowledgements 
The hardware for the present γt-jump system was 
provided under the responsibility of F. Rohner, the 
power supply built by H. Dijkhuizen. The scheme was 
brought into operation by M. Bôle-Feysot, E. Brouzet, 
J. Gareyte, J. Guillet, R. Ley, F. Rohner, G. Roux and 
further people. With D. Mohl and F. Sacherer, I had 
fruitful discussions on the theory. B. Schorr contri­
buted to the subject in the appendix. 
References 
1. W. Hardt, H. Schönauer, A. Srenssen, Passing tran­
sition in the future CPS, Proc. of the 8th Int. Conf. 
on High Energy Ace, 323, CERN, 1971. 
2. H. Schönauer, Lens configurations for the CPS to 
provide a large and fast γtr-jump without Q-change, 
Int. report, CERN-MPS/DL 72-7, 1972. 
3. W. Hardt, Proposal to ease debunching for the con­
tinuous transfer, Internal report, MPS/DL/Note 74-5, 
CERN, 1974. 
4. A. Srenssen, Longitudinal space-charge forces at 
transition, Proc. 6th Int. Conf. on High Energy 
Ace, 474, Cambridge/Mass., 1967. 
5. Ό. Möhl, Compensation of space-charge effects at 
transition by an asymmetric Q-jump - A theoretical 
study, Internal report CERN-ISR/300/GS/69-62, 1969. 
6. V.K. Neil, A.M. Sessler, Longitudinal resistive ins­
tabilities of intense coasting beams in particle 
accelerators, Rev. Sci. Instrum., 36, 429, 1965. 
7. P.L. Morton, Longitudinal space-charge effects in 
standing wave Linacs, Rev. Sci. Instr. 36,1826, 1965. 
8. R.L. Pease, Longitudinal instabilities in synchro­
trons at transition, Internal report, BNL/AADD-147, 
Brookhaven, 1968. 
9. R.A. Dory, Azimuthal space-charge effects in parti­
cle accelerators, MURA report, Wisconsin, 1962. 
10. R.J. Briggs.v.K. Neil, Stabilization of intense 
coasting beams in particle accelerators by means of 
inductive walls, Plasma Physics - Accelerators -Thermonuclear 
Research (J. Nuclear Energy, Part C), 
8, 255, 1966. 
11. .G. Hereward, Limitations on beam quality and 
intensity, Proc. of 8th Int. Conf. on High Energy 
















peak : Jump. 
Ν = 5.5 1012 p/p. 
Sweep: 10 ms/div. 
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